This article reports the first blue/green laser diodes grown on ZnSe substrates. The laser structure employed is a p-on-n separate confinement heterostructure consisting of 0.8-m-thick ZnMgSSe cladding layers lattice-matched to ZnSe, 0.1-m-thick ZnSe light guiding layers, and a single 60-200-Å-thick ZnCdSe quantum well. Green laser emission ͑507-517 nm; 2.443-2.394 eV͒ was observed at temperatures from 77-220 K using cw excitation at 77 K and pulsed excitation ͑50 ns; 10 Ϫ1 -10 Ϫ4 duty cycle͒ at higher temperatures. Blue laser diodes with outputs at 485 nm ͑2.553 eV͒ at 77 K have also been fabricated and tested.
I. INTRODUCTION
Historically, ZnSe and related II-VI alloys have been grown almost exclusively on GaAs substrates. This is because high-quality GaAs substrates are readily available from commercial sources. In addition, GaAs is closely lattice-matched ͑to within 0.27%͒ to ZnSe at room temperature and its pregrowth surface preparation procedure has been well established. By adding approximately 6% of sulfur to ZnSe to form the ternary alloy ZnSSe, an exact lattice match to GaAs at typical growth temperatures ͑240-300°C͒ can be achieved. This alloy remains pseudomorphic with GaAs when cooled to room temperature. However, due to the difference in thermal expansion coefficients between the GaAs substrate and ZnSSe epilayer, a tensile strain at the heterointerface exists at room temperature even when the ZnSSe epilayer is exactly lattice matched to the GaAs substrate at the growth temperature. 1, 2 This interfacial strain may contribute to the generation stacking faults and dislocations that provide the seed for the production and growth of darkline defects. Stacking faults and the dark-line defects which they seed are believed to be the principal factors which presently limit the useful lifetime of II-VI light emitting diodes and laser diodes grown on GaAs.
In an effort to overcome the above difficulties, ZnSe substrates are being employed for the development of ZnSebased light emitting diodes ͑LEDs͒ and laser diodes. Significant improvement in the growth of bulk single-crystal ZnSe crystals has been achieved at Eagle-Picher Laboratories using a seeded physical vapor transport ͑SPVT™͒ growth technique. 3, 4 In this article, these recent advances in bulk ZnSe crystal growth are discussed, including methods that have been developed for the growth of conducting n-type ZnSe crystals. The successful n-type doping of bulk ZnSe crystals has led us to demonstrations of high-brightness green LEDs using a standard vertical-carrier-transport device structure. 5 Most recently, the first blue/green laser diodes on ZnSe have been synthesized and tested. The successful demonstration of laser diodes on ZnSe opens the door to a new ͑homoepitaxial͒ approach to develop a variety of ZnSe-based II-VI optoelectronic devices using conducting ZnSe substrates rather than GaAs substrates that have generally been used to date.
II. EXPERIMENTAL DETAILS
Blue/green laser diode structures were grown on ͑100͒ ZnSe substrates produced at Eagle-Picher Research Laboratory by the SPVT process. In this technique, a polycrystalline charge is presynthesized by reacting vapors of high purity Zn and Se to form ZnSe powder. This ZnSe powder is placed in a quartz ampoule in the hot zone of a crystal growth furnace. Seed crystals are placed at opposite ends of the ampoule and maintained at a lower temperature than the charge. The temperature of the polycrystalline charge was maintained at 1200°C for the ZnSe crystals prepared in this study. The ends of the ampoule containing the seed are usually ϳ50°C lower than the charge, as estimated from temperature profiles of the furnace. The temperature of the growth charge is sufficient to establish the vapor pressure necessary to sublime the charge and deposit ZnSe on the seed at the cooler end of the ampoule. By using a single-crystal seed of 50 mm diameter and a straight-walled quartz ampoule, a ZnSe ingot can be grown as a single-crystal approximately 50 mm in diameter by 20-40 mm in length. The ZnSe crystals grown by the SPVT technique are free from twins and low angle grain boundaries-defects typically found in ZnSe crystals grown by other methods.
The SPVT technique generally produces electrically insulating ZnSe crystals. For many device applications, however, a conducting substrate is preferred. As a consequence, growth of conducting n-type ZnSe bulk crystals was attempted by systematically employing various potential n-type dopants during the SPVT crystal growth process. Standard Van der Pauw hall effect experiments were used to study the doping level achieved in SPVT crystals of ZnSe grown using different dopants and crystal growth parameters. Indium metal balls, annealed for 30 s at ϳ300°C, were used to provide ohmic contacts at the four corners of square ͑1ϫ1 cm͒ ZnSe hall effect samples.
Laser diode structures were grown by molecular beam epitaxy at North Carolina State University ͑NCSU͒ using the conducting ZnSe substrates described above. The laser diode structure employed is a p-on-n separate confinement heterostructure ͑SCH͒ as shown in Fig. 1 . It consists of ϳ0.8 m thick ZnMgSSe cladding layers ͑E g ϳ3.0 eV͒ latticematched to ZnSe, ϳ0.1 m thick ZnSe light guiding layers, and a single 60-200-Å-thick pseudomorphically strained ZnCdSe quantum well. The laser structures were grown at 280°C using ZnCl 2 and plasma-nitrogen for n-type and p-type dopants, respectively. Thin epitaxial layers of p-type ZnSe/ZnTeSe followed by undoped HgSe were deposited onto the top p-type ZnMgSSe layer of the laser structure to improve the p-type contact. 6 Gain-guided laser devices were fabricated by preparing 500-1000-m-long cleaved-cavity resonator structures with a 10-m-wide Au stripe electrode as the top p-type electrical contact using standard photolithography, metallization, and lift-off techniques. 7 The cleaved facets of the devices were uncoated.
III. RESULTS AND DISCUSSION
By employing a proprietary aluminum-based dopant during the SPVT crystal growth process, it was found that controlled substitutional doping of ZnSe is possible. Prior to these experiments, conducting bulk crystals of high-quality ZnSe had never been prepared by any technique. Photoluminescence ͑PL͒ spectra at 4.2 K and exitation density 0.3 W/cm 2 , obtained for an undoped and an n-type substitutionally doped ZnSe wafer, respectively, are shown in Fig. 2 . The PL spectrum for the undoped ZnSe wafer displays a sharp acceptor-bound exciton peak at 2.783 eV, corresponding to an A 0 , X transition, along with phonon replica peaks at lower energies. The narrowness of the A 0 , X peak ͓full width at half-maximum ͑FWHM͒ϭ1.5 meV͔, together with the absence of deep level emissions, are indicative of the exceptionally high quality that has been achieved for undoped ZnSe prepared by the SPVT process. Figure 2 also shows the PL spectrum obtained for an n-type substitutionally doped ZnSe wafer. In this case, a near band-edge peak associated with a donor-bound exciton transition (D 0 , X) is clearly seen at 2.798 eV-similar to that which is observed for molecular beam epitaxial ͑MBE͒ grown n-type ZnSe films doped with chlorine. However, strong donor-acceptor pair ͑DAP͒ recombination is also present in the spectrum of the doped ZnSe wafer, which is probably associated with self-compensation effects which occur during bulk crystal growth of ZnSe.
In spite of this compensation phenomenon, Hall effect measurements clearly demonstrate that n-type doping has successfully been achieved for the first time in bulk ZnSe crystals. Figure 3 /V s. This is comparable to the highest mobility ever achieved in n-type ZnSe films grown by MBE. 8 The mobility of the SPVT doped crystal increases as the temperature decreases reaching a maximum value of about 800 cm 2 /V s at 125 K before decreasing at lower temperatures. As the doping level increases, the carrier mobility progressively decreases but still has an impressive value of ϳ250 cm 2 /V s ͑300 K͒ at a doping level of 8ϫ10 17 carriers/cm 3 . Note from Fig. 3 that for this high doping level, the carrier concentration is essentially independent of temperature suggesting that a degenerate doping level has been achieved. The data shown in Fig. 3 represent an important achievement in the development of wide band gap II-VI materials-the demonstration of reproducible and controlled substitutional doping of bulk ZnSe.
Green laser emission spectra ͑507-517 nm; 2.443-2.394 eV͒ were recorded using cw electrical excitation at 77 K and pulsed excitation ͑50 ns; 10 Ϫ1 -10 Ϫ4 duty cycle͒ at higher temperatures. Figure 4 shows emission spectra below and above the lasing threshold for a green laser diode having a cavity length Lϭ545 m. Spectra are shown for temperatures of 77, 115, 150, and 220 K, respectively. Laser emission near room temperature was also briefly observed but not recorded. Threshold currents ranged from 8.7 mA ͑77 K͒ to 30.9 mA ͑220 K͒ for devices having Lϭ545 m. For devices with longer cavities, threshold currents were observed to be higher. This is illustrated by the light output versus current (L-I) plot shown in Fig. 5 for a laser diode having cavity length Lϭ870 m. In this case, the threshold current for laser emission at 77 K is 22.9 mA as is evident from the data shown in the figure. Threshold voltages for ZnMgSSe-based laser structures that included HgSe/ZnTeSe contact layers to the upper p-type layer of the heterostructures were у9.0 V. Figure 6 shows a high-resolution optical spectrum of a green laser diode on ZnSe operating above threshold at 77 K which shows finely spaced cavity modes. The observed mode spacings correspond to an index of refraction of nϭ3.83 in the active region of the device under current injection. This is comparable to refractive indices reported for blue/green lasers grown on GaAs substrates. 7 Blue laser diodes with outputs at 485 nm ͑2.553 eV͒ at 77 K have also been fabricated using the same basic SCH structure, but with less Cd in the ZnCdSe quantum well. An emission spectrum for this type of device is shown in Fig. 7 . The threshold current for these initial blue-light-emitting devices ͑Lϭ620 m͒ was found to increase to 230 mA at 77 K due in part, we believe, to the decrease in carrier confinement associated with the active blue-light-emitting ZnCdSe quantum well.
IV. SUMMARY
In summary, we are reporting the development of devicegrade, conducting n-type ZnSe substrates with which the first blue-green laser diodes have been successfully synthesized, fabricated, and tested. This work provides the basis for a homoepitaxial approach to II-VI devices in contrast to the use of GaAs substrates.
The key remaining issue that must be addressed before II-VI blue/green light emitters become commercially viable is that of device degradation. Dark-line defects which originate at twins and other imperfections at the epitaxial growth surface are responsible for the rapid degradation of II-VI devices that has been observed in studies throughout the world. Our plan is to circumvent this problem by means of a homoepitaxial growth approach using conducting ZnSe substrates. ZnSe substrate quality at Eagle-Picher Laboratories will be improved through better control of the SPVT crystal growth technique and through optimization of the substitutional doping process. X-ray transmission topography 4 has shown that dislocation densities in the best undoped ZnSe wafers is less than 10 3 dislocations/cm 2 -an order of magnitude less than that which is required for defect free laser diodes. We expect that the quality of doped ZnSe crystals to improve to this level of perfection within the next year.
At NCSU, additional emphasis will be placed on perfecting the ZnSe wafer cleaning procedure for MBE growth. Film nucleation on ZnSe substrates will also be optimized. When these procedures have been implemented we believe that a homoepitaxial approach to preparing II-VI blue/green light emitters will become the preferred approach compared with growth on GaAs substrates.
